Motion-in-depth causes changes in the size of retinal images in addition to producing optic flow patterns. A previous psychophysical study showed that human subjects can perceive expansion motion in texture stimuli that exhibit increases in the scale of image elements but no consistent optic flow pattern. The neural mechanisms by which the scale-change information is processed remain unknown. Here, we measured the responses of cat V1 and the lateral geniculate nucleus (LGN) neurons to a sequence of random images whose spatial frequency spectrum changed over time (i.e., average spatial scale expanded or contracted). We found that V1 neurons exhibit direction sensitivity to scale changes, with more cells preferring expansion than contraction motion. This direction sensitivity can be partly accounted for by the spectrotemporal receptive field of V1 neurons. Comparison of the direction sensitivity between V1 and LGN neurons showed that the sensitivity in V1 may originate from LGN neurons. Repetitive stimulation with expansion or contraction motion can decrease the sensitivity to the adapted direction in V1, and the effect can be transferred interocularly, suggesting that intracortical connections may be critically involved in the adaptation. Together, our results suggest that direction sensitivity to scale change in V1 may contribute to motion-in-depth processing.
Introduction
Detecting the direction and speed of moving objects is crucial for an animal's survival. Motion processing proceeds from V1 to middle temporal visual area (MT), medial superior temporal area (MST), and several higher cortical areas in the dorsal pathway (Ungerleider and Pasternak 2003) . In V1, a subpopulation of neurons exhibit direction selectivity Wiesel 1959, 1968) and speed sensitivity (Orban et al. 1986; Priebe et al. 2006) . The motion sensitive neurons in V1 send their output to area MT in monkey or area posteromedial lateral suprasylvian cortex in cat, where direction-selective neurons are prevalent (Dreher et al. 1996; Born and Bradley 2005) . In monkey area MT or cat anterior ectosylvian visual area, some neurons are able to integrate the individual components of a plaid stimulus to represent the direction of global motion (Movshon et al. 1985; Scannell et al. 1996) . Selectivity to complex motion signals, such as optic flow patterns, is found in monkey area MST and ventral intraparietal area (Britten 2008) or cat lateral suprasylvian cortex (Kim et al. 1997) . Thus, motion processing involves cortical response preferences to a variety of motion cues, from simple to complex.
For an observer navigating in the visual environment, the spatial pattern of retinal image changes constantly. When an observer moves forward or when an object moves toward the observer, the retinal image expands (Wang and Frost 1992; Schrater et al. 2001) , containing both optic-flow and scalechange information. Although optic flow is an important cue for heading direction and time-to-collision (Gibson 1950; Lee 1976) , human subjects can perceive expansion motion using scale-change information in the absence of optic flow (Schrater et al. 2001) . The neural mechanisms underlying such visual perception remain unclear. Because selectivity to optic flow patterns has been found in single neurons in higher visual cortical areas, it is of interest to examine whether single neurons in the visual cortex can compute the direction of scale changes. In the early visual pathway, neurons are sensitive to the size of image elements by their spatial frequency (SF) tuning (Shapley and Lennie 1985; DeValois RL and DeValois KK 1988) and the preferred SF measured with sinusoidal gratings may shift systematically over time after the stimulus onset (Bredfeldt and Ringach 2002; Mazer et al. 2002; Frazor et al. 2004; Nishimoto et al. 2005; Allen and Freeman 2006) . Therefore, we asked whether neurons in the early visual cortex are sensitive to the direction of frequency changes (i.e., scale changes).
In the present study, we have characterized neural responses to stochastic texture stimuli in which the size of image elements expanded or contracted over time. We found that a substantial fraction of cat V1 neurons exhibited direction sensitivity to scale changes. This sensitivity could be partly predicted from the spectrotemporal receptive field (STRF) of the V1 neuron and may be derived from feedforward thalamic inputs. Repetitive stimulation with scale-changing stimuli in a given direction can decrease the sensitivity to the adapted direction, and the adaptation effect could be transferred interocularly. Together, these results provide compelling evidence that the early visual system is able to detect the expansion and contraction of image elements.
Materials and Methods

Surgery
A total of 22 adult cats (weighing 1.9-3.9 kg each) were used in the experiments. Before surgery, the animals were anesthetized with ketamine (25-30 mg/kg, intramuscularly) and injected with atropine sulfate (0.05 mg/kg, subcutaneously) to reduce secretion. A local anesthetic (lidocaine) was applied before all incisions. A tracheotomy was performed for artificial ventilation and femoral catheterization for intravenous infusion. The animal was moved to a Horsley--Clarke stereotaxic frame and anesthetized with urethane (13-20 mg/kg/h) and glucose (100 mg/kg/h) in Ringer's solution. The electrocardiogram and the electroencephalography in some cats were monitored continuously to assess the level of anesthesia. To minimize eye movements, the animal was paralyzed with Gallamine (10-20 mg/kg/ h) and artificially ventilated. The volume and rate of ventilation were adjusted so that the end-tidal CO 2 was~3.5%. The rectal temperature was monitored and maintained at 37.5-38.5°C. Pupils were dilated with topical application of 1% atropine sulfate, and the nictitating membranes were retracted with 5% phenylephrine. Contact lenses of appropriate power were placed over the corneas. For 7 cats in which V1 responses were measured, contact lenses with artificial pupils (3-mm diameter) were used. The data measured with (n = 127) and without artificial pupils (n = 252) were combined because the direction sensitivity to scale change and the significant correlation between SI STRF and SI (Fig. 4C) were observed in both sets of data. Eye positions were stabilized mechanically by gluing the sclerae to metal posts attached to the stereotaxic apparatus. A craniotomy (2-5 mm in diameter) was performed over the primary visual cortex (P4 L2.5) or the lateral geniculate nucleus (LGN) (A6 L9). All procedures were in accordance with National Institutes of Health Guidelines and were approved by the Animal Care and Use Committee at the Institute of Neuroscience, Chinese Academy of Sciences.
Recordings and Visual Stimulation
Recordings were made with tungsten microelectrodes (5 MX, A-M Systems). Neural signals were amplified and filtered with a computercontrolled multichannel amplifier (Neuralynx). Spike isolation was based on cluster analysis of waveforms, and the presence of a refractory period was determined from the shape of the autocorrelogram. The orientation tuning and/or SF tuning of each cell was briefly characterized with drifting gratings, and the receptive field location was determined by hand-held stimulus. Fourier analysis was performed on the responses to drifting grating at the optimal orientation, and the ratio between the first harmonic (F1) and the mean (F0) was used to classify cells into simple cells (F1/F0 > 1) and complex cells (F1/F0 < 1) (Skottun et al. 1991) .
Visual stimuli were generated with a PC containing a Leadtek GeForce 6800 video card and displayed on a CRT monitor (Iiyama HM903DT B or Sony CPD-G520, maximum luminance of 90 cd/m 2 , 1024 3 768 resolution, refresh rate 120 Hz). Luminance nonlinearities were corrected through software.
Scale-change stimuli with texture pattern and grating pattern were used. To generate stochastic texture stimuli of scale change without consistent optic flow pattern, we created a set of white noise images (128 3 128 resolution) and band-pass filtered each one by multiplying its Fourier spectrum with a circular Gabor filter, which is a special Gabor filter that is rotation invariant (Zhang et al. 2002) . The spatial representation of the circular Gabor filter is Gðx; yÞ = g ðx; yÞ exp 2pif c ffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
, a Gaussian function with a scale parameter r, and f c is the peak frequency of the Gabor filter. The Fourier representation of the circular Gabor filter is
in which A is an amplitude parameter, a=1=ð2prÞ. To specify the range of frequencies that can pass through the filter, f c and r satisfy the condition of f c r = ffiffiffiffiffiffi ffi
2 B -1 , where B is the bandwidth of the SF. B = log 2 ðf 2 =f 1 Þ, in which f 2 and f 1 are the frequencies at the half height of the peak amplitude of the Gabor filter. We used a constant octave band during the sweep of scale-change motion. Since the SF bandwidths of most cat V1 neurons are 1--2 octave (Movshon et al. 1978) , we set B = 0.1 octave in order to reduce the degree of overlap between neighboring SF bands. The peak frequency of the filter ranged from 1/128 to 1/2 cycle/pixel (0.126.4 cycle/ o or 0.0422.4 cycle/ o ). The mean root mean square (RMS) contrast of the texture stimuli was 0.36. The stimuli were presented at an effective frame rate of 40 or 60 Hz. For the expansion stimuli, the center frequency of the image spectrum decreased logarithmically. The contraction stimuli were generated by temporally reversing the sequence of expansion stimuli. Because each frame of the stimulus was generated from independent noise image, the scale-change stimuli were not simple zoom-in and zoom-out movies of a single band-pass filtered texture pattern. Blank stimuli (0.6 or 0.9 s) were interleaved between each sweep of the scalechange stimuli. Six sets of scale-change stimuli were constructed from 6 sets of white noise images. Each set of stimuli was repeated 5 times (30 trials in total). Scale-change stimuli with grating pattern were generated in a similar way. In a sequence of phase-randomized gratings, the SF of the grating increased or decreased logarithmically. The contrast of the grating was 100%. To examine whether the direction sensitivity to scale change depends on the grating orientation, we measured the responses using 2 types of grating stimuli in which the orientations differed by 15 to 45 o . The orientation difference between the 2 grating stimuli was chosen to match the orientation tuning halfwidth (Carandini and Ferster 2000) of the neurons, which was 22.6 ± 10.2 o (mean ± standard deviation [SD] , n = 43). The 2 orientations were at the 2 flanks of the orientation tuning curve of the neuron, so that the 2 types of scale-change grating stimuli evoked comparable firing rates. For both texture stimuli and grating stimuli, the contraction and expansion motion were randomly interleaved.
For both texture stimuli and grating stimuli, the range of frequency change was 6 octaves. The duration of each motion sweep was 1.2, 1.8, or 2 s, thus the rate of scale change was 3--5 octaves/s. These rates of scale change were determined based on our pilot experiment, in which we measured the responses using rates ranging from 1 to 10 octaves/s and found that the direction sensitivity was more prominent at 3--5 octaves/s. We also compared the rate of scale change with the expansion rate used in the previous psychophysical study (Schrater et al. 2001 ). In Schrater et al. (2001) , the frequency change was described by:
where f ðt Þ is the peak frequency at time t, f initial is the initial frequency, and a is a constant expansion rate (+at means that the frequency increases over time, whereas -at indicates that the frequency decreases over time). The relationship between a and the measure of octave/s used in our experiment can be derived from the following. We assumed that the frequency change is from f 1 at time t 1 to f 2 at time t 2 (the duration between t 1 and t 2 is 1 s), in which f 1 =x 1 octave and f 2 =x 1+y octave. The frequency ratio is represented by:
Using the equation of frequency change in Schrater et al. (2001) , the frequency ratio can also be represented by:
Therefore, we have 2 y = expðaÞ;i:e:; y = log 2 ðexpðaÞÞ:
Based on the above equation, the expansion rate a (ranging from 0.96 to 2.75 s -1 ) in Schrater et al. (2001) corresponds to 1.4--4 octaves/ s. Thus, the rates of scale change used in our experiment (3--5 octaves/ s) were comparable with the expansion rates used in the psychophysical experiment of Schrater et al. (2001) .
The stimuli used to map the STRF were randomly flashed sequence of the band-pass--filtered noise images interleaved with blank frames. The frequency range of the stimuli was 3.6 octaves. Ten frequency bands (bandwidth = 0.1 octave) were used, with a spacing of 0.4 octave between the peak frequencies of neighboring bands. For each frequency band, 25 000--40 000 noise images were generated.
Both the scale-change stimuli and the randomly flashed stimuli were o in diameter) that covered both the CRF and the surrounding nonclassical receptive field (nCRF). The location and the size of the CRF were measured using 16 3 16 grid sparse noise stimuli consisting of white or black squares flashed for 25 ms in a randomized order (Jones and Palmer 1987) . The square size of the sparse noise stimuli was 1.25 o , and the square in each position was repeated 50 times.
For some cells, both the spectrotemporal RF and the spatiotemporal RF were measured. The spatiotemporal receptive fields were mapped with 30 000 frames of m-sequence stimuli (12 3 12 pixels, 0.75°--1°/ pixel, 100% contrast) or 30 000--40 000 frames of white noise (15 3 15 pixels, 1°/pixel, 32 3 32 pixels, 0.5°/pixel, or 50 3 50 pixels, 0.3--0.4°/pixel, RMS contrast = 0.16--0.5). The stimuli were presented at an effective frame rate of 40 Hz.
Sensitivity Index
The responses to scale-change stimuli were averaged over all 30 trials. To determine whether the neuron was significantly driven by the stimuli, the responses were time binned (100 ms/bin) and the poststimulus time histogram (PSTH) was fitted with a Gaussian function,r
+r 0 , in whichr 1 , f 0 ,w, and r 0 are free parameters. The goodness-of-fit was estimated by calculating R 2 statistics. We included cells for analysis only if R 2 >0:7 (V1, n = 379; LGN, n = 93).
To quantify the sensitivity to scale change, we first smoothed the PSTH (25 ms/bin) with a Gaussian kernel (Matlab routine ksdensity) and subtracted the firing rate of the last 0.4 s of the blank stimuli. The resulting curve was used to calculate a sensitivity index (SI):
where R c and R e represent the mean firing rates evoked by contraction and expansion stimuli, respectively. When we examined the relationship between the direction sensitivity to scale change and the spectrotemporal RF, we calculated SI using the peak firing rate (Conway and Livingstone 2003) .
To test the significance of response preference at single cell level, we performed a nonparametric bootstrap resampling (Olson et al. 2000) . Assuming that responses to the 2 directions of scale change were drawn from the same distribution, we combined all trials in response to both directions and randomly resampled 30 trials for expansion and contraction motion, respectively. The resampling was performed for 1000 times. To determine the P value, the difference of resampled responses was compared with the actual difference between the responses to expansion and contraction motion.
STRF
Subspace reverse correlation technique (Bredfeldt and Ringach 2002) was used to measure the dynamics of SF tuning. We computed a 2D matrix representing the firing rate (5 ms/bin) of the neuron at time s (ranging from 0 to 305 ms) following the presentation of the image of a certain peak SF. Responses to all the noise images with the same peak SF were averaged. The spikes following the blank frames were used to produce a spontaneous map, and STRF was obtained by subtracting the spontaneous map from the 2D matrix described above. To determine whether the STRF was significant, a control map was calculated using the spikes occurred 125--300 ms before the presentation of each SF. Variance of the SF tuning curve was calculated for each time lag of the control map and the STRF map, respectively. We then computed the mean and SD of the variances of the SF tuning curves in the control map and defined a threshold as the mean variance plus 4 times the SD of the variances. The STRFs with at least one variance point above the threshold were considered to be significant. A total of 137 V1 cells passed the criterion and were used in the analysis. We applied 2D Fourier transform on the STRF (DeAngelis et al. 1993; Priebe and Ferster 2005; Ye et al. 2010 ) and predicted the direction sensitivity to scale change from
in which M 1 , M 2 , M 3 , and M 4 are the magnitude in each quadrant.
Spatiotemporal Receptive Field
Reverse correlation method was used to estimate the spatiotemporal RF (Ringach 2004) . A linear kernel was obtained by computing the spike-triggered stimulus average at a range of time delay (ranging from 0 to 300 ms, bin size = 5 ms) between the spike and the stimulus. We computed the variance of the kernel at each time delay and defined the signal-to-noise ratio (SNR) of the kernel as the ratio of the maximum variance to the mean variance for kernels at delays >150 ms (Malone et al. 2007) . Cells with SNR > 3 were included in the analysis. We fitted the RF kernel at each delay with a 2D Gabor function, which is a product of a 2D Gaussian and a 2D sinusoid (Jones and Palmer 1987; Malone et al. 2007) :
The parameters are the amplitude (A) of the Gabor; the center (l x ; l y ), the orientation (h g ), and the scale (r x ; r y ) of the Gaussian; the frequency (x), the phase (/), and the orientation (h s ) of the sinusoid.
We estimated RF size by ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi r 2 x + r 2 y q for each of the delays at which the kernel variance was above one half of the peak variance. The change of RF size over these delays was quantified by an RF dynamic index DI RF , which was defined as the slope of the linear regression line for the data points of RF size at each delay.
Adaptation
We measured the effect of expansion motion adaptation on expansionsensitive neurons and contraction motion adaptation on contractionsensitive neurons. Two trials of mapping were followed by 14 repeats of expansion (or contraction) stimuli (25.2 s, including blank frames between each sweep). The adaptation and mapping were repeated 15 times, which produced 30 trials of postadaptation mapping after 210 repeats of expansion (or contraction) stimuli (378 s in total). For interocular adaptation, mapping stimuli were presented to the dominant eye and adaptation stimuli presented to the nondominant eye.
Results
V1 Responses to Stimuli with Scale Changes
We first examined neural responses to scale-change stimuli in V1 of anesthetized adult cat (see Materials and Methods). Visual stimuli were a sequence of band-pass--filtered white noise images, the peak SF of which changed logarithmically at a speed of 3--5 octaves/s. As the peak SF of the image decreased over time, the size of image elements expanded (expansion motion, Fig. 1A , left) (Schrater et al. 2001) . The stimuli of the opposite direction, in which the size of image elements contracted (contraction motion, Fig. 1A , right), were the time-reversed version of the expansion stimuli. We measured the responses of each neuron to 30 repeats of the expansion and contraction stimuli. As shown in Figure 1B , the firing rate of an example neuron was higher for expansion than for contraction motion. In contrast, the neuron in Figure 1C showed the opposite response preference. In most V1 cells, the responses evoked by scale-change stimuli of opposite directions differed in both the peak and the mean firing rates (Fig. 1B ,C, right; Fig. 1D-F) . To quantify the direction sensitivity to scale change, we computed a SI for each neuron (see Materials and Methods). The value of SI is positive (0 < SI < 1) for contraction-sensitive neurons and negative for expansion-sensitive neurons (-1 < SI < 0). For the 379 neurons examined, 116 cells (30.6%) showed positive SI and 263 cells (69.4%) showed negative SI (Fig. 2) . Among the 98 cells (25.9%) that showed significant response preference to one direction of scale change (see Materials and Methods), the majority (n = 72, 73.5%) preferred expansion motion. The SIs calculated using the peak and the mean firing rates were strongly correlated (r = 0.6, P < 10
, test for Spearman's correlation coefficient). Furthermore, the SI distributions between simple and complex cells were not significantly different (P > 0.5, 2-sample Kolmogorov--Smirnov test). Thus, a substantial portion of V1 neurons are sensitive to the direction of scale change, with a bias of response preference to expansion motion.
To examine the generality of the direction sensitivity to scale change (DS SC ), we also measured the responses to scalechanging grating patterns at 2 different orientations ( Fig. 3A ; see Materials and Methods). We found that the SI measured with texture stimuli was strongly correlated with that measured with grating stimuli at either of the 2 orientations (r = 0.65, P < 10 -5 ; r = 0.71, P < 10 -6 , test for Spearman's correlation coefficient, Fig. 3B ), and the SI measured with the 2 grating stimuli was also significantly correlated (r = 0.74, P < 10
, test for Spearman's correlation coefficient), suggesting that the DS SC in V1 is invariant to the spatial pattern of visual stimuli. We also compared the DS SC with the direction selectivity for drifting grating, which was quantified by DI G =ðR P -R N Þ=ðR P +R N Þ, where R P and R N represent the response amplitudes to the preferred and the null drifting directions, respectively. We found that DI G was not correlated with SI (r = -0.04, P > 0.5), indicating that the 2 types of motion sensitivity in V1 are independent of each other.
Relationship between Direction Sensitivity to Scale Change and Spectrotemporal RF We next examined the RF mechanism underlying the DS SC . As the scale of the image elements can be quantified by the peak SF of the image, we measured the responses to randomly flashed noise images that were filtered at different frequency bands (Fig. 4A , see Materials and Methods). The dynamics of SF tuning measured by reverse correlation (Bredfeldt and Ringach 2002) represents the dynamics of responses to different scales. For both cells shown in Figure 4B , the profile of SF tuning in the STRF changed smoothly over time. The spectrotemporal inseparability implies sensitivity of the neuron to the direction of change in SF. For instance, a neuron with rightward slanted STRF (Fig. 4B, upper left) showed longer response latency to higher SFs, thus should respond more strongly to expansion than to contraction stimuli. To predict the sensitivity to scalechange stimuli, we applied 2D Fourier transform (Fig. 4B , lower) on the STRF (DeAngelis et al. 1993; Priebe and Ferster 2005; Ye et al. 2010) . The rightward (leftward) tilt of STRF can be represented by frequency components in the 2nd and 4th (1st and 3rd) quadrants, and the direction sensitivity to scale change can be predicted using the magnitude in each quadrant (see Materials and Methods). Figure 4C shows that SI STRF was significantly correlated with SI (r = 0.4, P < 5 3 10 -6 , test for Spearman's correlation coefficient), suggesting that the spectrotemporal property of RF contributes to the DS SC . For many contraction-sensitive cells (SI > 0), however, the sign of SI was not correctly predicted from the STRFs. This suggests that additional mechanisms are involved in shaping the sensitivity to contraction motion (see Discussion).
A previous study showed that the RF sizes of V1 neurons tend to decrease over the time course of the responses (Malone et al. 2007) , which may underlie the increase of peak SF over time (Bredfeldt and Ringach 2002; Mazer et al. 2002; Frazor et al. 2004) . For a subpopulation of cells, we have measured both the spectrotemporal RF and the spatiotemporal RF (see Materials and Methods). Figure 5A --C shows 2 example cells' first-order spatiotemporal RF kernels, the sizes of which decreased over time (Fig. 5B--D) . Consistent with the decrease of RF sizes over time, the neuron's spectrotemporal RFs were rightward tilted, with longer latency for higher SF (Fig. 5E,F) . Over the population, the degree of RF size change as quantified by DI RF (see Materials and Methods) was correlated with SI STRF (Fig. 5G , r = 0.69, P < 0.05, test for Spearman's correlation coefficient), suggesting that the dynamic change in RF size also contributes to the DS SC .
Effect of Surround Stimulation on the Direction Sensitivity to Scale Change in V1
In the above experiments, the scale-change stimuli covered both the CRF and the nCRF, which may cause surround modulation (Allman et al. 1985; Fitzpatrick 2000) of the DS SC . We thus examined the effects of RF surround by using smallsize stimuli that covered the CRF as well as large-size stimuli that covered both the CRF and the surround (see Materials and Methods). We found that surround stimulation caused suppression for some cells (Fig. 6A ) and facilitation for others (Fig.  6B) . For 21 neurons examined, 11 cells showed surround suppression, with a 28.9 ± 8% (mean ± standard error of the mean [SEM]) reduction in the mean firing rate to expansion and contraction motion, and 10 cells showed surround facilitation, with a 129 ± 65% (mean ± SEM) enhancement in the firing rate.
When we compared the SIs between those measured with CRF and surround stimulation (Fig. 6C) , we found that surround stimulation caused a significant shift in SI toward positive values (P < 0.02, Wilcoxon signed-rank test). In particular, this effect was significant for cells with surround suppression (solid circles in Fig. 6C , P < 0.005, Wilcoxon signed-rank test) but not significant for cells with surround facilitation (open circles in Fig. 6C , P > 0.5, Wilcoxon signed-rank test). Thus, surround suppression caused decrease in the sensitivity to expansion (or increase in the sensitivity to contraction) in V1.
Comparison of Direction Sensitivity to Scale Change between LGN and V1 Neurons
To determine whether the DS SC of V1 neurons was derived from the feedforward thalamic inputs (Allen and Freeman 2006) , we measured LGN responses to the same scale-change stimuli used for V1 neurons (Fig. 7A) . We found that the DS SC in LGN also exhibited bias toward expansion motion (Fig. 7B) , and the SI distributions for V1 and LGN neurons were not significantly different (P > 0.1, 2-sample Kolmogorov--Smirnov test), suggesting that the DS SC in V1 may originate from LGN. Since cells with SI < 0 and SI > 0 represent 2 populations of neurons preferring opposite motion directions, we also compared the SIs between V1 and LGN for expansion-sensitive cells (SI < 0) and contraction-sensitive cells (SI > 0) separately. We found that the mean SI of expansion-sensitive cells in V1 was more negative than that in LGN (P < 0.05, Wilcoxon rank sum test), and the mean SI of contraction-sensitive V1 cells was more positive than that of LGN cells (P < 0.002, Wilcoxon rank sum test). The result indicates that the degree of DS SC is stronger in V1 than in LGN.
Adaptation of Scale-Change Sensitivity in V1 following Repetitive Motion Stimulation Prolonged viewing of a moving pattern is known to cause motion aftereffect. A previous psychophysical study showed that stochastic size-expansion stimuli can also produce a motion aftereffect in human subjects (Schrater et al. 2001) . To examine whether neuronal sensitivity to scale change also exhibits adaptation upon repetitive stimulation, we measured the responses to scale-change stimuli before and after repetitive stimulation with expansion or contraction motion (see Materials and Methods). We found considerable variability in the effect of adaptation among individual neurons. For some cells, expansion adaptation selectively decreased the firing rate to expansion stimuli, with increase or little change in the response to contraction stimuli (Fig. 8A, upper and middle) . For other cells, the adaptation increased the responses to both directions of scale change, with more increase for contraction stimuli (Fig. 8A, lower) . Over the population, we found a significant shift in SI toward positive values from -0.14 ± 0.01 to -0.08 ± 0.02 (mean ± SEM, P < 2 3 10 -5
, Wilcoxon signed rank test, Fig. 8C ), indicating a decrease in the preference for expansion. To examine whether the effect occurs within the cortex or at earlier stages of the visual pathway, we measured the interocular transfer of the shift induced by monocular adaptation. For binocular V1 cells that showed strong preference to expansion motion (SI < -0.2), when we presented the adapting stimuli of expansion to one eye and measured the DS SC through stimulation of the other eye, we found that the SIs of most cells were shifted toward positive values (Fig. 8D ). This suggests that intracortical connections are involved in modifying the DS SC in V1 (Volchan and Gilbert 1995) . We also examined the effect of contraction adaptation for contraction-sensitive neurons. For most cells, the adaptation caused a decrease in the firing rate to contraction and an increase in the firing rate to expansion (e.g., Fig. 8B ). For a population of 15 cells, contraction adaptation shifted the SI from 0.12 ± 0.03 to -0.1 ± 0.03 (mean ± SEM, P < 10 -4
, Wilcoxon signed-rank test, Fig. 8E ). Thus, motion adaptation to scale change can selectively decrease the sensitivity to the adapted direction, consistent with the psychophysically observed motion aftereffect (Schrater et al. 2001) .
Discussion
When an observer moves forward or when an object approaches the eye, the size of image elements in the retina changes. Psychophysical studies demonstrated that the mammalian visual system contains mechanisms sensitive to looming object of expanding size (Regan and Beverley 1978; Schrater et al. 2001) . Using random texture stimuli of frequency changes (scale changes), we found that V1 neurons can signal the direction of size change, which may provide a physiological mechanism for the visual perception of motion expansion without optic flow (Schrater et al. 2001) . The bias of neuronal population toward expansion motion is consistent with the bias for looming sounds in the auditory system (Maier and Ghazanfar 2007) and the bias for looming perception in humans (Perrone 1986 ). The direction sensitivity to SF changes in V1 is also reminiscent of the direction selectivity to frequency-modulated sounds in the primary auditory cortex (Zhang et al. 2003) , suggesting that frequency changes are important cues computed in multiple sensory modalities.
We showed that the DS SC in V1 can be partly predicted from the slanted feature of the spectrotemporal RF, consistent with the model of motion processing for translational signals (McLean and Palmer 1989; Reid et al. 1991; DeAngelis et al. 1993; Livingstone 1998) . Although, in most cases, the predicted SI was negative (expansion-sensitive) due to the prevalence of rightward tilted spectrotemporal RF (Fig. 4B) , the correlation between the predicted and the actual SIs reflects the fact that cells with less rightward tilted spectrotemporal RF were more likely to show weaker expansion sensitivity or even contraction sensitivity. To explore possible sources of the difference between the predicted and the actual SIs, we analyzed the SNR of the STRF (Nishimoto et al. 2005 ) and the F1/F0 ratio (Skottun et al. 1991 ) of the neurons. We found that the difference between SI STRF and SI did not depend on the SNR of the STRF or the F1/F0 ratio (data not shown). On the other hand, V1 neurons are known to exhibit a variety of nonlinearity (Albrecht et al. 2003) , which may reduce the predictive power of STRF. In the previous studies of simple cells, the linear RF obtained by reverse correlation is independent of output nonlinearity, and an expansive nonlinearity that follows a linear RF has been shown to improve the prediction of direction selectivity to drifting grating (DeAngelis et al. 1993 ). However, the subspace reverse correlation in the frequency domain is not a linearized measurement because the method sums responses to all phase conditions for a given frequency, and the nonlinearity is already present in the measurements (Nishimoto et al. 2005) . Recent studies also showed that V1 RF can be described by a model consisting of multiple excitatory and suppressive linear filters (Rust et al. 2005; Chen et al. 2007) , and suppressive filters are more numerous in direction-selective complex cells (Rust et al. 2005 ). Although we showed that the dynamic change in the size of first-order RF kernel was consistent with the direction sensitivity predicted from the spectrotemporal RF, our analysis did not reveal multiple spatiotemporal RF filters, which may be due to insufficient number of spikes collected. It is of interest for future study to examine whether a model that nonlinearly combines the outputs of multiple RF subunits can provide better prediction for the direction sensitivity to scale change.
Previous studies showed that the preferred SF of V1 and LGN neurons may shift from low to high frequencies over time (Bredfeldt and Ringach 2002; Mazer et al. 2002; Frazor et al. 2004; Nishimoto et al. 2005; Allen and Freeman 2006) . This dynamic shift in SF is considered as the underlying mechanism for coarse-to-fine spatial analysis, in which coarse features are processed before fine details (Allen and Freeman 2006; Hegde2 008) . These results suggest that the inseparable spectrotemporal RF provides a common mechanism for both scale-change sensitivity and coarse-to-fine spatial processing in V1, the output of which flows into parallel channels for motion and form processing (Livingstone and Hubel 1988) , thus representing an efficient strategy to process multiple forms of visual information. Our findings also suggest potential roles for other RF dynamics in motion processing. For example, the orientation-time inseparability (Ringach et al. 1997; Chen et al. 2005; Xing et al. 2005 ) may imply sensitivity to rotating motion.
For translational motion, V1 is believed to be the first stage along the thalamocortical pathway in which direction selectivity occurs (Reid et al. 1987; Priebe and Ferster 2005) , although some studies suggest that direction sensitivity also exists in the LGN (Jones and Sillito 1994; Thompson et al. 1994) . We found that the SI distributions between LGN and V1 were not significantly different, and both LGN and V1 neurons showed bias toward expansion motion, suggesting that the DS SC in V1 may originate from feedforward thalamic inputs. However, for both expansion and contraction motion, the degree of direction sensitivity was stronger in V1 than in LGN. The enhanced selectivity from LGN to V1 may be due to additional circuit mechanism in V1 or the nonlinear effect of spike threshold that can enhance a variety of stimulus selectivity (Priebe and Ferster 2008) . We also showed that the DS SC in V1 can be influenced by surround suppression. Furthermore, the DS SC of V1 neurons was susceptible to motion adaptation, and the adaptation effect could be transferred interocularly. These results suggest that intracortical connections may be involved in the surround modulation (Fitzpatrick 2000) and the experience-dependent modification of the DS SC (Volchan and Gilbert 1995; Fitzpatrick 2000; Kohn 2007 ). Together, V1 processing of scale-change information may serve to complement higher cortical processing of optic flow (Wurtz and Duffy 1992) , the pattern of which may be influenced by self-motion and eye movements (Lamme et al. 2000) . Because scale change is not affected by eye movements, the DS SC in the early visual cortex could be a robust mechanism to facilitate the detection of motion-in-depth signals. 
